I. INTRODUCTION
The discovery of superconductivity in F-doped LaFeAsO 1 and K-doped BaFe 2 As 2 2 compounds has lead to an extensive experimental effort to characterize and delineate the nature of superconductivity in RFeAsO and (AE)Fe 2 As 2 materials (R = rare earth; AE = Ba, Sr, Ca). Currently the availability of single crystalline samples of significant size and quality 3,4,5,6,7,8,9 has made the study of the doped (AE)Fe 2 As 2 compounds more tractable.
This, combined with the realization that Co substitution for Fe could be used to both stabilize superconductivity 9,10 and simplify growth while improving homogeneity, makes the systematic study of the thermodynamic and transport properties of the Ba(Fe 1−x Co x ) 2 As 2 series particularly compelling. So far only a limited set of data on the Ba(Fe 1−x Co x ) 2 As 2 series: the effect of pressure on phase transitions in Ba(Fe 1−x Co x ) 2 As 2 with x = 0.04 and 0.1, 11 anisotropic H c2 in Ba(Fe 0.9 Co 0.1 ) 2 As 2 12 and details of superconducting state for Ba(Fe 0.93 Co 0.07 ) 2 As 2 13,14 have been reported.
In this work we combine detailed measurements of the low field thermodynamic and transport properties of single crystalline Ba(Fe 1−x Co x ) 2 As 2 with high field measurements (up to 35 T) of the anisotropic upper superconducting critical field, H c2 (T ). The analysis of these data allows us to create a T − x phase diagram and shows that the superconductivity apparently occurs in both the low temperature orthorhombic and tetragonal phases, an observation that is clearly reflected in significant differences in the anisotropy of H c2 in these two regions.
crucible, a 50
• C/hour heating rate was used. Once the furnace reached 1000
• C, the excess of FeAs/CoAs was decanted from the plate-like single crystals. The inset of Fig The FeAs and CoAs powders used as part of the self-flux were synthesized by reacting Fe or Co powder and As powder after they were mixed together and pressed into pellets. The pellets were sealed inside a quartz tube under 1/3 atmosphere Ar gas, slowly heated up to 500
• C, kept at 500
• C for 10 hours, and then slowly heated up to 900
• C, and then kept at 900
• C for the other 10 hours.
Powder x-ray measurements, with Si standard, were performed on a Rigaku Miniflex diffractometer using Cu Kα radiation at room temperature. The lattice parameters were refined by "UnitCell" software. 16 The error bars are taken as ±2σ. Elemental analysis of the samples was performed using wavelength dispersive x-ray spectroscopy (WDS) in the electron probe microanalyzer of a JEOL JXA-8200 Superprobe. Heat capacity data were collected using a Quantum Design (QD) Physical Property Measurement System (PPMS).
Magnetization and temperature-dependent ac (f = 16 Hz, I = 3 mA) electrical transport data were collected by a QD Magnetic Property Measurement System (MPMS). Electrical contacts were made to the sample using Epotek H20E silver epoxy to attach Pt wires in a four-probe configuration. The typical samples for electrical transport had approximately 0.1 × 0.5 mm 2 cross-section and the distance between the voltage contacts ∼ 1 mm.
Whereas the single crystals could be cut and cleaved into well defined geometries, we found that the values of resistivity we inferred from these samples could vary significantly. Figure   1a presents data from three samples of Ba(Fe 0.926 Co 0.074 ) 2 As 2 . There is a clear difference between the three ρ(T ) plots, but the basic features are also very similar, as well as the characteristic temperatures. If we assume that cracks or exfoliations internal to the sample are responsible for these differences (effectively leading to errors in the geometric factor), then normalizing the room temperature slopes, dρ/dT | 300K , should compensate for this.
Figure 1b confirms this assumption, and Fig. 1c shows that allowing for slightly different residual resistivity scattering, ρ 0 , collapses the three curves onto each other. Unfortunately as we change the amount of Co substitution we cannot use such a simple normalization since dρ/dT may easily be dependent on Co substitution levels. For this reason we will present our data in terms of ρ(T )/ρ(300K) (or equivalently R(T )/R(300K)) when we compare different Co substitution levels.
Field-dependent DC electrical transport data were collected using the 35 T and 33 T resistive magnets in the National High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL for superconducting members of the series. Two samples with each nominal concentration of Co were run, each for H c and H parallel to the basal plane (shown throughout the text as H ⊥ c). Each of these samples was measured in zero field in the QD PPMS and MPMS units and the zero field T c was used to correct for slight temperature off-sets associated with the resistive probe used at the NHMFL. These shifts were systematic (associated with the sample position relative to the thermometer) and were at most 10% of T c and, for most runs, significantly smaller.
III. RESULTS
In order to present the data in terms of actual x rather than x nominal , elemental analysis was performed using wavelength dispersive x-ray spectroscopy (WDS). The average inferred x value was determined by averaging the x value measured at several locations on the sample. The effects of Co substitution on the low temperature properties of Ba(Fe 1−x Co x ) 2 As 2 crystals can be clearly seen in transport data (Fig. 4) . For BaFe 2 As 2 , x = 0.00, the sharp decrease in resistivity associated with the combined structural and antiferromagnetic transitions 17, 18 is clearly seen at 134 K. As x is increased the temperature of the resistive anomaly is suppressed monotonically, no longer being detectable for x > 0.058. For x ≥ 0.038 superconductivity is readily detected by a sharp (and complete) decrease of the resistivity to zero. This is shown more clearly in the inset to Fig. 4 Both the antiferromagnetic/structural phase transition as well as the superconductivity can also be detected in temperature dependent magnetization measurements. have to be established and used. For this study we use: (i) an offset criterion for resistivity (the temperature at which the maximum slope of the resistivity curve extrapolates to zero resistance); (ii) an onset criterion for susceptibility (the temperature at which the maximum slope of the susceptibility extrapolates to the normal state susceptibility); and (iii) the temperature at which the zero field specific heat deviates from the 9 T specific heat. The data points inferred from these criteria are shown in Fig. 10 as well. Another possibility would be that the sample separates into tetragonal (superconducting) and orthorhombic (not superconducting) phases.
In order to study the effects of doping on the superconductivity in greater detail, anisotropic H c2 (T ) data were collected for two samples for each doping level that manifested superconductivity. A representative data set of R(H) data for H c and H ⊥ c and x = 0.038 is shown in Fig. 11 . The two criteria that were used to infer H c2 from a given a separation of the structural and magnetic phase transitions that are so strongly coupled for x = 0 (not only in BaFe 2 As 2 but, for example, in CaFe 2 As 2 30 ); or a distribution of transition temperatures associated with a distribution of Co doping throughout the sample.
The first hypothesis is certainly an exciting one but, unfortunately, the current data set cannot do more than address it peripherally. If the two phase transitions (structural and magnetic) were to separate cleanly then there would be no reason for the broadened features in the resistivity as well as the somewhat subtle features in the specific heat. If there indeed is a separation of the magnetic and structural phase transitions, then there also has to be some broadening of them as well (as inferred from these data). The second hypothesis is somewhat more supported by the current data. Figure 10 
